Model surface studies of magnesium oxide have been carried out using surface sensitive techniques. Ultrathin MgO films have been synthesized under ultrahigh vacuum (UHV) conditions by thermally evaporating Mg onto Mo( 100) in the presence of oxygen. Low-energy electron diffraction (LEED) studies indicate that the MgO films grow epitaxially with the ( 100) face of MgO oriented parallel to Mo( 100). The MgO films, prepared under optimum synthesis conditions, have essentially one-to-one stoichiometry, are nearly free from pointlike surface defects, and have properties essentially identical to those of bulk, single-crystal MgO. Adsorption of water and methanol onto the MgO films has been studied using high-resolution electron energy-loss spectroscopy (HREELS) and temperature programmed desorption (TPD) . In order to circumvent the difficulty associated with intense multiple surface optical phonon (Fuchs-Kliewer modes) losses, a new approach to acquisition of HREELS data has been demonstrated. This new approach enables the direct observation of weak loss features due to excitation of the adsorbates without serious interference from multiple phonon losses. Our HREELS studies show that water and methanol undergo heterolytic dissociation, leading to the formation of hydroxyl and methoxy species, respectively.
I. INTRODUCTION
Studies of metal oxides and the characterization of adsorbates on these substrates have received considerable attention in many important areas such as catalysis, ceramics, metallurgy, and in microelectronics. In catalysis for example, magnesium oxide is known to be a typical basic oxide which catalyzes the H, and D, exchange reaction' and the dehydrogenation of formic acid or methanol.* These latter molecules, which are Brdnsted acids, generally dissociate heterolytically on MgO surfaces via an acid-base interaction, forming protons adsorbed onto lattice-oxygen. It has also been demonstrated recently that Li-doped MgO catalysts can promote the oxidative coupling of CH, to C, H, + C, H, through a methyl radical intermediate. 3 Despite this demand for a better understanding of the surface chemistry of these materials on the atomic scale, few surface electron spectroscopic studies have been reported on well-characterized metal-oxide surfaces.4s5 Because most metal oxides are bulk insulators or wide gap semiconductors, problems with surface charging are encountered with these materials during charged particle measurements.
However, surface charging has been circumvented in our studies by making an ultrathin, well-characterized oxide film on the surface of a metal substrate. Any charging induced in the thin film during spectroscopic measurements is dissipated via the conducting substrate. Our low-energy electron diffraction ( LEED) and surface electron spectroscopic studies indicate that MgO films grow epitaxially with the (100) face of MgO oriented parallel to Mo( lOO) , and that the properties of the films are essentially identical to those of bulk, single-crystal MgO.
Among the various surface spectroscopic techniques ') To whom correspondence should be addressed.
used to characterize adsorbate properties, high-resolution electron energy-loss spectroscopy (HREELS) is a powerful tool which can be utilized to identify rather complex molecular adsorbates by their characteristic vibrational frequencies (fingerprints) and to follow step-by-step surface reactions by identifying intermediates. 6 HREELS has become a premier technique for surface vibrational studies due to its high sensitivity, wide spectral range, and applications involved in the study of a wide range of molecules adsorbed on conducting substrates. However, in addition to the problem of surface charging associated with insulating oxides, this technique has encountered a second great difficulty when used to study adsorbates on ionic substrates. The difficulty arises from the fact that the accompanying vibrational spectra are dominated by losses due to excitation of surface optical phonons, known as Fuchs-Kliewer modes. ' Since the intense multiple phonon losses generally extend over a wide vibrational frequency range of the HREELS spectra, it is not practical to directly observe losses due to the excitation of adsorbates in the O-4000 cm -' spectral range. In order to circumvent the difficulties associated with these phonon losses, Cox et al. ' have developed a Fourier transform method to remove the phonon-phonon combination peaks from the HREELS spectrum. This approach has recently been applied to the study of formic acid adsorbed on ZnO( 0001) .9 Clearly the Fourier deconvolution method is superior to simply acquiring difference spectra between clean and adsorbate-covered surfaces; however, it is still basically an "indirect" technique. Of particular concern are the spurious features that may be introduced in the spectrum by the Fourier deconvolution procedure itself.
In this article, we present a study of the adsorption of water and methanol on ultrathin, well-characterized, MgO films using a new approach to the acquisition of HREELS data. This new approach, which has been previously out-lined in a brief letter," enables the direct measurement of losses due to the excitation of adsorbed species with little interference from surface optical phonon losses. This article is organized as follows: after a description of the experimental details, the preparation and characterization of ultrathin MgO films are presented. In Sec. IV, temperature-programmed desorption (TPD) and HREELS studies of adsorption of water and methanol on MgO films are given. It is found that both water and methanol undergo heterolytic dissociation on MgO films. Theoretical considerations relevant to the new approach to acquisition of HREELS data are also included. Finally, conclusions are presented.
II. EXPERIMENTAL DETAILS
The experiments were carried out in two ultrahigh vacuum (UHV) systems. One apparatus has capabilities for Auger electron spectroscopy ( AES), LEED, and TPD. The MgO film characterization and thermal desorption measurements were done in this apparatus. HREELS was performed in a second UHV system which is also equipped with AES and LEED. A detailed description of the two systems has been given elsewhere."~'*
The Mo( 100) single crystals were spot-welded to high purity tantalum wires which were connected to a pair of copper leads. The resistive heating was achieved by passing current through the copper leads, and the conductive cooling was carried out using a liquid nitrogen reservoir attached to the copper leads. An electron-beam heater was also mounted behind the specimen for heating to temperatures above 1600 K. Sample temperatures were monitored with a pair of W-5% Re/W-26% Re thermocouple wires spotwelded to the edge of the rear surface.
The crystal cleaning procedure consisted of oxidation in 1 X lo-' Torr oxygen at 1000-1300 K for 5-10 min and a flash to 2000 K. After several cycles of the above procedure, the impurities (mainly carbon and oxygen) were below the detection limit of AES. A clean surface, exhibiting a sharp ( 1 x 1) LEED pattern, was then obtained.
Spectroscopic grade water and methanol were used in this study. Further purification was achieved in the manifold via freeze-pump-thaw cycles prior to introduction of water and methanol into the vacuum chamber. In the TPD experiments, a directional gas doser was used to introduce water and methanol to the crystal surface; however, the exposure of the crystal to the adsorbates was carried out via backfilling the UHV chamber for HREELS measurements. The exposures indicated in the TPD spectra have been corrected by multiplying by an enhancement factor of 100 relative to those carried out via backfilling. All of the exposures indicated below were calculated based on the indicated pressures without correction.
The HREELS spectra were acquired both in the specular direction and in an off-specular direction. The incident angle of the electron beam was set at 60" with respect to the surface normal. The primary energy of the electron beam of the spectrometer (LK-2000, Larry Kesmodel Technologies) can be varied between O-250 eV. While an elastic-peak count rate of 200 000 cps could be easily obtained with a low primary energy electron beam, acquisition of the spectra at high primary energies resulted in a decrease in the count rate. The spectral resolution (full-width at half-maximum of the elastic peak) of the data presented here was typically 80-96 cm -' throughout the O-250 eV electron beam energy range.
The thermal desorption spectra were obtained at a linear heating rate of 7 K/s using a quadrupole mass spectrometer.
Ill. PREPARATION AND CHARACTERIZATION OF ULTRATHIN MgO FILMS ON Mo (100) A. Calibration of MgO film thicknesses Ultrathin MgO films were synthesized in an UHV environment by evaporating Mg onto a clean Mo( 100) surface in the presence of oxygen. Deposition of Mg was performed by thermal evaporation of a high-purity Mg ribbon. Chemically cleaned in a 3% acetic acid solution and subsequently rinsed in pure water, ethanol and acetone, the ribbon was then tightly wrapped around a tungsten filament and mounted inside a doser. AES proved this chemical treatment to be effective in obtaining a clean Mg overlayer upon deposition onto Mo( 100). The stabilization and calibration of the flux of Mg evaporation have been described in our previous publication." Briefly, Auger sp ectra were recorded following successive doses of Mg onto MO ( 100). The Mg evaporation rate can be determined using the correlation between the first break point in the AES plot (Auger signal vs time) and the completion of the first Mg monolayer. This evaporation rate was independently confirmed by TPD measurements. Our thermal desorption spectra have shown that the initial appearance of the multilayer desorption peak of Mg from Mo( 100) corresponded very closely to the monolayer break point in AES. Since our LEED studies indicated that the first monolayer of Mg grows pseudomorphically on Mo( lOO),'* a one-to-one relationship in atomic density between the Mg monolayer and Mo( 100) was established. The thickness of a MgO film was then determined from the calibrated Mg evaporation rate and the deposition time using the assumption that the sticking probability of Mg atoms onto Mo( 100) is unity during the film growth.
B. LEED studies
The growth of MgO films on Mo( 100) has been examined by LEED in the 200-600 K substrate temperature range. It was found that the MgO films grow epitaxially with the (100) face of MgO oriented parallel to Mo( 100). At MgO coverages, 8,,, , below one monolayer (ML), the ( 1 X 1) LEED pattern remained essentially unchanged with the exception that the background intensity increased slightly. Distinct ( 1 X 1) LEED spots were observed from eptiaxial MgO films whose coverage was varied from 2 to 30 ML. The detailed evolution of the LEED pattern as a function of film thickness has been described previously."
C. AES studies
In order to achieve optimum oxidation conditions, the growth of MgO films on Mo( 100) in various background pressures of oxygen has been studied using AES. gives the Auger spectra acquired as a function of the background pressure of oxygen at a substrate temperature of 350 K. Based on the calibrated Mg evaporation rate, Mg deposition for each curve in Fig. 1 corresponds to a coverage of 6.8 ML. At low oxygen pressures, the metallic Mg'(L,, VP) transition at 44.0 eV ( Fig. 1 ) dominates in the low kinetic energy region; accordingly, only a relatively small 0 (KU) Auger feature at 505.0 eV is present. The 44.0 eV feature diminishes and a new peak at 32.0 eV becomes more predominant as the oxygen pressure is increased. This new peak is assigned to a Mg* + (L,, W) Auger transition '3"4 due to the formation of MgO. At 1 .O X 10 -7 Torr oxygen, the Mg" Auger transition feature completely disappears and only the Mg2 + peak remains, implying that an optimum synthesis pressure of oxygen has been reached.
In our experiments, it was found that neither subsequent annealing in oxygen nor growth of MgO films at oxygen pressures higher than 1.0~ 10 -7 Torr yielded visible improvements in the LEED patterns of epitaxial MgO films. In addition, the oxygen-to-magnesium AES ratio remained constant upon further oxidation.
The Auger measurements, together with the LEED observation, suggest that the MgO films, prepared at a synthesis pressure of 1 .O X 10 -7 Torr oxygen and at a constant Mg evaporation rate of 5.8 X 10" atom cm -2, have essentially a one-to-one stoichiometry. No evidence for the formation of intermediate suboxide precursors, e.g., Mg + , is indicated by AES measurements. Two distinct peaks, Mg'(L,, W) and Mg2 + (L,, VV), are the only features present in the 25.0-50.0 eV kinetic energy region as the oxygen background pressure is varied.
It also follows from the data in Fig. 1 that for MgO films grown at relatively low oxygen pressures, the substrate Mo( MNN) Auger transitions are attenuated to a lesser degree than that of the substrate covered with the stoichiometric MgO films. This behavior implies the formation of threedimensional Mg and MgO islands at a substrate temperature of 350 K. Our TPD studies" indicated that, at low oxygen pressures, the MgO film grows via a mechanism of island nucleation with domains that coexist with metallic Mg islands.
D. EELS studies
The growth of MgO films as a function of oxygen background pressure has also been followed by EELS. EELS spectra were recorded in the first derivative mode using the same cylindrical mirror analyzer utilized for AES. The primary energy of the incident electron beam was set at 100 eV. At the relatively low oxygen pressure of 1 X 10 -* Torr, deposition of Mg produces five losses occurring at 7.2, 10.7, 14.7, 17.8, and 21.5 eV, as marked by arrows in Fig. 2(a) . The loss structure of spectrum (a) in Fig. 2 is very similar to that obtained from a clean Mg(OOO1) surface. '3*'5 The two low-energy losses are thus attributed to the surface (7.2 eV) and bulk ( 10.7 eV) plasmon oscillations, and the remainder to multiples of these plasmons. Up to 4 X 10 -* Torr oxygen, the loss pattern at loss energies above 7 eV remains essentially unchanged except for a decrease in the intensity of the surface and bulk plasmon losses. A new peak at 6.2 eV appears at p)6X 10 -* Torr of oxygen and the loss features characteristic of MgO appear gradually. At P = 1 .O X 10 -' Torr, the loss spectrum [ Fig. 2(f) ] is nearly identical to that of single-crystal MgO. l6 Thelossat21.3eVisassignedtoa plasmon excitation corresponding to the collective oscillation of the 0 2p electrons. The 16.9, 14.0, 11.1, and 8.7 eV losses can be attributed to 0-to-Mg interionic transitions.16 The 6.2 eV loss has been identified as a surface-related interband transition since its energy is less than the 7.8 eV band gap in Mg0.17 Previous worki has shown that this peak is enhanced at low primary energies and at grazing incidence, indicating that it is of surface origin.
It is noteworthy that one additional loss at 2.0 eV varies with background pressure of oxygen, going through a maximum in intensity at 6 x 10 -* Torr of oxygen. This feature nearly disappears at the synthesis pressure of oxygen [ Fig.  2 ( f) ] and is completely removed by postannealing in an oxygen atmosphere [ Fig. 2(g) 1. The origin of this loss is controversial at the present time, *'6*'8 however, its appearance can be attributed to surface defect states. Previous EELS studiesi6 have shown that this peak is very sensitive to the surface treatment of single-crystal MgO and that it can be removed upon exposure to oxygen. This behavior suggests an assignment of this loss feature to a surface Fcenter, F, (missing a surface lattice-oxygen). However, theoretical work" has indicated that the F, center lies very close in energy to the bulk F center which has an optical absorption band with a maximum at 5 eV. It has therefore been suggested that this loss may arise from the surface Ycenter (missing a surface cation)." Our EELS results support the former assignment. The present studies have further indicated that these pointlike defects in MgO films can be eliminated by using our film preparation scheme.
IV. ADSORPTION OF WATER AND METHANOL ON MgO FILMS
A. TPD studies Figure 3 gives TPD spectra as a function of water exposure. Water multilayers desorb between 131-171 K, with a maximum at 160 K. The heat of sublimation of water multilayers, derived from analysis of the thermal desorption spectra, yields a value of 9 kcal/mol, in agreement with that reported in literature.") A second desorption feature appears in the 220-340 K temperature range. This feature, which can be interpreted to arise from water formed via recombination of surface hydroxyls (see Sec. IV C for details), increases with increasing exposures and approaches saturation when the water multilayer desorption peak appears. Interestingly, this peak shifts slightly towards lower temperatures and becomes broadened at the low-temperature side of the peak as the exposure is increased. This desorption feature eventually splits into two peaks. A similar behavior was observed for D, 0 desorption. Desorption of methanol from MgO films yields rather similar spectra to those recorded for H,O. TPD spectra in Fig. 4 show that desorption of methanol multilayers occurs between 137-166 K with a maximum at 146 K. The monolayer desorption temperature ranges from 200 to 400 K. No desorption signal was observed for mass channels other than that of CH, OH, e.g., m/e = 2 or 28, implying that the parent molecules are the only species desorbed from the surface.
B. HREELS studies: Theoretical considerations
In this article, we propose a new approach to circumvent the difficulty associated with surface optical phonon losses in HREELS spectra. Before outlining this new approach we will describe the relevant theories upon which our scheme is based. Modern quantum theory allows the development of a general theory for the analysis of the scattering of electrons from a surface; however, it is extremely difficult in practice to formulate a single expression for the loss processes in HREELS. Accordingly, two distinct regimes have been outlined to describe the loss processes. One involves small-angle scattering (with reference to the specularly reelected beam direction) induced by long-range dipolar fields generated either by adsorbate vibrations or by surface atomic vibrations. The second is the impact scattering mechanism which involves large-angle electron deflection (with reference to the specularly reflected beam direction). HREELS spectra acquired using small-angle scattering geometry can be interpreted semiclassically within the framework of the so-called dielectric theory. 6~2' The energy-loss probability, I, which describes a single event corresponding to either the excitation or emission of one surface optical phonon, is given by2'
XIm -1 E(W) + 1. The above integration is computed over a region defined by the angular acceptance of the energy analyzer, where Im{ -l/[ E(W) + 11) is the loss function for surface excitation in an isotropic medium and E(O) is the dielectric function. The dielectric function E(W) of ionic solids in the phonon frequency range can be expressed in terms of the infrared optical constants of the material through the classical Lorentzian model as follows: E(W) = e, + CEO -E, )G.&~/(w~~ -6~' -iyww,, 1, where e0 and E, are the static and high-frequency dielectric constants, respectively. wro is the frequency of the bulk transverse optical phonon and y is its damping ratio. The loss function is then dependent only upon these constants, which are known from optical measurements. Consequently, HREELS spectra can be simulated and then compared to the experimental results.
It should be pointed out that the above integral function has a spatial distribution which peaks sharply very close to the specularly reflected beam direction. The angular width of this distribution has been deduced to be approximately +ioRE,, where tiw and E, are the phonon energy and electron primary energy, respectively. As E,, is increased, the distribution narrows and, accordingly, the energy analyzer samples a larger fraction of the distribution. Consequently, for emission of a surface optical phonon, the scattering probability integrated over the total solid angle can be computed without loss of accuracy and is given as follows: I-= KE 0 "2, where K is a constant.
It has been demonstrated both theoretically and experimentally 6,22 that the total probability (F,) for an electron to excite Nquanta as it passes by a surface, losing the energy Nfiw in the process, can be expressed using a Poisson distribution FN = (TN/N!) exp( -I'). The intensity of the N th multiple loss in the Poisson distribution decreases by a factor of T/N (I < 1) relative to that of the (N -1) th loss. This relationship, in conjunction with the above characteristic energy dependence of E & "2, suggests that the intensities of multiple phonon losses can be modulated greatly by using a high-energy electron beam. Figure 5 demonstrates how the multiple phonon losses diminish as E, is increased. At E, = 46.2 eV, all losses due to excitation of the multiple quanta of the MgO surface phonon virtually disappear at frequencies above the third multiple loss. Indeed, the intensity of this third loss decreases more than two orders of magnitude relative to the comparable losses measured with E,, = 3.2 eV. Figure 6 surface phonon at various impact energies. With the exception of E, = 3.2 eV, where the experimental points exhibit a deviation from the theoretically predicated Poisson distribution (straight line), the overall agreement between our experiment and theory is excellent. In Fig. 6(b) , the scattering probability, I', corresponding to the excitation of the fundamental mode of the MgO surface phonon, normalized to that of the specularly reflected beam, is plotted as a function of E,. The experimental points obtained from the slope of each line in Fig. 6 (a) are in excellent agreement with the energy dependence of E o-"*. It is known that the Fuchs-Kliewer surface optical phonon has a small wave-vector component parallel to the surface and has a long characteristic penetration depth.6 It is therefore feasible to further decrease the phonon-loss peaks by acquiring the spectra in an off-angle scattering geometry, i.e., in the impact scattering regime. Figure 7 demonstrates how the phonon loss and its multiples diminish with increasing the detection angle with respect to the specular direction. annealing temperature (7). Spectra (a)-(e) of Fig. 8 were collected at E,, N 46 eV and at an angle 8.5" from the specular direction; however, for comparison, spectrum (f) was acquired at E, = 3.2 eV and in the specular direction. Exposing the sample to 100 langmuir ( 1 langmuir (L) = 1 x 10 -6 Torr s) of H, 0 at 90 K leads to the appearance of two distinct peaks in the spectrum [ Fig. 8 (a) 1. The losses at 1650 and 3369 cm -' are attributed to the excitations of the S( HOH) scissoring and Y( OH) stretching modes,23 respectively. The S( HOH) scissoring mode is not well resolved in the specular spectrum at E, = 3.2 eV [ Fig. 8 ( f) 1, nor would it be with a high primary energy beam because of its superposition with the second phonon loss. However, spectrum (f) of Fig. 8 shows two additional features at 214 and 849 cm -', which are attributed to the excitations due to hindered translations and rotations of water, respectively.23 These frustrated vibrational modes are not clearly observed in the spectra acquired with high primary energy beam due perhaps to the relative small cross sections of these particular modes to the high-energy beam. It is noteworthy that the Y( OH) feature in Fig. 8 (a) is considerably broadened due to hydrogen-bonding,23 indicating that multilayers of water are condensed on the surface. Upon annealing to r>, 160 K, the Y( OH) feature shifts to higher loss energies [Fig. 8 (b) 1. This shift coincides with the desorption of H, 0 multilayers in the TPD spectra. Since the absorption bands of the surface hydroxyl groups of MgO have been observed by infrared (IR) spectroscopy in the 3600-3770 cm-' region,24 the peak at 2988 cm -' is inconsistent with a surface hydroxyl and possibly is due to a trace 'L , '=I= 13622 WAVENUMBER ( contaminate during the exposure of water. As Tis increased, however, only the 3683 cm -' loss feature remains. This peak becomes sharper and finally disappears at n 600 K. This is consistent with our TPD results in which desorption of adsorbed water is complete above 600 K. A similar behavior was observed for the adsorption of isotopic water (D, O), as shown in Fig. 9 . Similarly, 100 L D, 0 exposure causes the appearance of two peaks at 118 1 and 2500 cm-' [ Fig. 9(a) ]. An additional weak feature around 3369 cm -' arises from H, 0 contamination. The former two losses are likewise attributed to the excitations of the S(DOD) scissoring and Y(OD) stretching modes, respectively. The expected isotopic shifts in frequency are indeed observed for the S(DOD) and Y( OD) modes; however, hindered translations and rotations of D,O are only affected slightly. Spectrum (e) of Fig. 9 acquired at E, = 3.2 eV and in the specular direction, following an exposure of 100 L D, 0 at 90 K, shows loss features arising from frustrated modes as well as the S(DOD) and Y(OD) modes. The peak due to excitation of hindered rotation of D,O is not clearly seen in Fig. 9 (e) due to its superposition with the fundamental mode of the surface optical phonon. The losses at 3140 and 3672 cm-' arise from combinations of the surface phonon losses and the Y(OD) mode. In the annealing , 0 (or D, 0) . It is known that the electronegative OH radical tends to occupy electron-rich sites. It is possible that some hydroxyl species adsorb adjacent to defect sites, although the density of defects has been minimized in the film preparation procedure. Particularly, the presence of pointlike defects can be eliminated by postannealing in oxygen atmosphere, as discussed in the film preparation section.
Dissociative adsorption of H, 0 at low exposures occurs even at 90 K, as shown in Fig. 10 . The 3586 cm-' loss feature in Fig. lO( a) , which is nearly identical to that recorded in the annealing experiments, coexists with the 3369 cm -' peak due to hydrogen-bonding. The S(HOH) scissoring mode is also evident in Fig. lO( a) . These features represent the molecular species that coexist with dissociated H,O. With further exposures water multilayers eventually build up, as indicated in Fig. 10(b) , similar to that observed for D, 0 adsorption.
Dissociative adsorption of H, 0 on the ( 100) and ( 111) faces of single-crystal MgO at 298 K has also been reported using photoemission techniques.2' Both x-ray photoemis- Adsorption of methanol on thin MgO( 100) films has also been examined using HREELS, as shown in Fig. 11 . Exposing the specimen to 180 L CH, OH produces four distinct peaks at 1143, 1437,2947, and 3302 cm -', respectively. However, the intense second-phonon loss interferes with the 1143 and 1437 cm-' losses as shown in Fig. 11 (f) . This spectrum was acquired at E, = 3.2 eV and in the specular direction, following an exposure of 180 L CH, OH at 90 K. These losses can be attributed to C-O stretching [ Y( CO) 1, CH, bending [ S( CH, ) 1, C-H stretching [ Y( CH) ] and O-H stretching [ Y(OH) ] modes, respectively.12 These loss features were essentially preserved in the 90-145 K annealing temperature range; however, the spectrum obtained using a low-energy beam (E, = 3.2 eV), following an anneal to 145 K, was indistinguishable from the spectrum of the clean surface. Spectrum (b) of Fig. 11 , acquired following an anneal to 160 K, exhibits the loss features of the methanol monolayer; the desorption of methanol multilayers occurs in the 137-166 K range, as indicated by our TPD measurements. Therefore, the new approach outlined here does facilitate a direct observation of relatively weak adsorbate losses in a wide spectral range (in this case, 1000-4000 cm-') without serious interference from the intense multiple phonon losses.
Annealing to n 160 K resulted in the disappearance of the 3302 cm -' loss, and the appearance of a new peak at 3606 cm-'. The 2947 cm -' loss remained unperturbed. The appearance of the new peak, which is identical to the one assigned to OH species, indicates dissociation of methanol and formation of methoxy upon annealing. Further annealing to higher temperatures leads to concurrent diminution of the two losses. At 490 K, features due to the excitation of the adsorbates completely disappear [ Fig. 11 (e) 1. The above behavior indicates that a direct recombination of adsorbed methoxy with atomic hydrogen occurs at temperatures above 273 K. The desorption of methanol is completed at 498 K. The dissociative adsorption of methanol was also observed at low exposures as shown in Fig. 12 . These low exposures give rise to the two distinct peaks, which are nearly identical to those obtained in the annealing experiments.
V. CONCLUSIONS
The present study indicates that highly ordered, stoichiometric ultrathin MgO films can be formed on Mo ( 100)) and that the properties of the MgO films are essentially identical to bulk, single-crystal MgO. Because of the intrinsic merits of thin films, one can perform surface electron spectroscopy on this insulator without difficulties associated with surface charging. Model studies of oxide thin films have another advantage in the avoidance of a sample temperature gradient while heating, caused by poor bulk thermal conductivity of oxides. It has been further demonstrated in this article that surface chemistry on this model surface can be followed in great details using modern surface analytical techniques.
A new approach to the acquisition of HREELS data has also been demonstrated in this article. By utilizing a highenergy incident electron beam in combination with an offspecular scattering geometry, this new approach enables a direct observation of relatively weak loss features due to excitation of the adsorbates without serious interference from intense multiple surface optical phonon losses. Adsorption of water and methanol has been studied using this new approach. It is found that water and methanol undergo heterolytic dissociation, leading to formation of hydroxyl and methoxy species, respectively, on the MgO surface.
